Magnetic oxides of (La,A)MnO 3 and (La,A)CoO 3 have two typical structural characteristics: cations with mixed valences and oxygen vacancies, which are required to balance the charge introduced by cation doping. The consequences introduced by each can be different, resulting in different properties. It is important to quantitatively determine the percentage of charges balanced by each, but this analysis is rather difficult particularly for thin films. This paper has demonstrated that electron energy-loss spectroscopy (EELS) can be an effective technique for analyzing Mn and Co magnetic oxides with the use of intensity ratio of white lines, leading to a new technique for quantifying oxygen vacancies in functional and smart materials.
INTRODUCTION
(La,A)MnO3 and (La,A)CoO3 (A = Ca, Sr, or Ba) are important magnetic oxides and their unique properties are determined by three structural characteristics [1] . First, the ferromagnetically ordered Mn-O (or Co-O) layers in the perovskite unit cell are isolated by non-magnetic La(A)-O layers, forming an intrinsic spin-coupling, which is the origin of the magnetic properties of the materials. Secondly, the electric conductivity of the materials is owing to the substituted divalent That, this hopping current should be spin polarized was required for a process of two simultaneous electron hops (from Mn 3 + onto 02-and from 02-onto Mn 4 +, thus interchanging Mn 4 + and Mn 3 +), called double exchange [2] . Therefore, the residual charge introduced by cation substitution can be balanced by either valence conversion of the transition metal element or the creation of oxygen vacancies. If there is no valence conversion, the double exchange may not occur, leading to no or very minimal electrical conductivity. On the other hand, the increase of oxygen vacancies may increase the ionic conductivity.
From the analysis above, quantification of Mn valence and oxygen deficiency is the key for understanding the roles played by each in determination the properties and performance of the magnetic oxide. However, this analysis is a challenge to existing microscopy techniques particularly for thin films, because of the influence from the substrate surface, interface mismatch dislocations and defects in the film. A technique with high spatial resolution is required for this analysis. In this paper, electron energy-loss spectroscopy (EELS) in a transmission electron microscope (TEM) is introduced as a tool for quantifying the valence state of Mn (or Co) and the oxygen deficiency. The details of the technique are given, and its application in the two magnetic oxides containing Mn and Co, respectively, will be illustrated. and La0.5Sr0.5CoO3-y. The spectra are is illustrated. This procedure must be displayed by normalizing the heights of followed consistently for all of the spectra, the L 3 white lines.
EXPERIMENTAL APPROACH
In TEM, the interaction of the incident electron with the crystal electrons can generate various inelastic excitation processes [3] . One of the processes is the ionization of atomic inner shell bounded electrons, resulting in the ionization edge observed experimentally. In EELS, the L ionization edges of transition-metal, rare-earth and actinide compounds usually display sharp peaks at the near edge region (Figure 1 ). These threshold peaks are known as white lines. For transition metals with unoccupied 3d and 4d states, the white lines are observed. The unoccupied 3d states form a narrow energy band, the transition of a 2p state electron to the 3d levels leading to the formation of white lines observed experimentally. Thus, the atomic state changes from 2p EELS experiments have shown that the change in valence states of cations introduces significant changes in the ratio of the white lines, leading to the possibility of identifying the occupation number of 3d or 4d electrons (or cation valence states) using the measured white line intensities in EELS [4] [5] [6] .
To establish the relationship between white line intensity and the number of unoccupied d electrons states, the white lines must be isolated from the background intensity. The EELS data must be processed first to remove the gain variation introduced by the detector channels and the multiple scattering effect via deconvolution. A low-loss valence spectrum and the corresponding core-shell ionization edge EELS spectrum were acquired from the same specimen region. The energy-loss spectrum was used to remove the multiple-inelastic-scattering effect in the core-loss region using the Fourier ratio technique, thus, the presented data are for single scattering. The background intensity was modeled by step functions in the threshold regions [5] . A straight line over a range of approximately 50 eV was fit to the background intensity immediately following each white line. This line was then extrapolated into the threshold region and set to zero at energies below that of the white-line maximum. The L 2 white line was further isolated by smoothly extrapolating the L 3 background intensity under the L 2 edge. For a case in which two white lines are not widely separated (Figure 1 ), a straight line is fit to the background immediately following the L 2 white line over a region of approximately 50 eV and is then extrapolated into the threshold region. This line was then modified into a double step of the same slop with onsets occurring at the white-line maxima. The ratio of the step heights is chosen as 2:1 in accordance with the multiplicity of the initial states.
In the magnetic oxides with mixed valences and if the oxygen is ordered, the oxygen deficiency is directly correlated to the fraction of the mixed valences. From Eq. (1), the mean valence state of Mn is <Mn>vs = 3 + x -2y.
The <Mn>vs can be determined using EELS as described above. Therefore, the content of oxygen vacancies y can be obtained. This is a new approach for studying oxide materials [7, 8] .
EXPERIMENTAL RESULTS EELS analysis of valence state is usually carried out in reference to the spectra acquired from standard specimens with known cation valence states. If a series of EELS spectra are acquired from several standard specimens, an empirical plot of these data may serve as the reference for determining the valence state of the element present in a new compound. This is the basis of our analysis on the Lal-xSrxCoO3-y (LSCO) and Lal-xCaxMnO3-y (LCMO) magnetic oxides to be described below. The thin films were grown by metal-organic chemical vapor deposition (MOCVD) [9] and their crystal structures have been investigated previously [10] .
La0.5Sr0.5CoO3-y Lal-xSrxCoO3-y has a perovskite-related structure, in which the mixed valence of the cations plays a vital role in determining the properties of the material. In the literature, Co has been believed to have valences 3+ and 4+ in this compound. The substitution of trivalent La and COSO 4 (with Co 2 +) and Lao.5Sro. 5 CoO 3 _y. The first four compounds are chosen as the standard specimens with known Co valences, and the last one is the specimen that we want to determine its Co valence state. It is apparent that the shape of CoSi 2 (with Co4+) is dramatically different from the rest not only for its high L 2 edge but also for its broaden shape, simply because of its highest Co valence state. The other four specimens have the same line width and intensity except that Co 3 0 4 (with Co 2 . 67 +) has a higher L 2 edge, this is because of its larger Co valence. The two standard specimens showing the same shape of Co-L 2 , 3 edges have Co 2 +. These spectra clearly establish the experimental basis of using the white line intensities for determination the Co valence in a new compound (Figure 3 ), which clearly shows that I(L 3 )/I(L 2 ) is very sensitive to the valence state of Co. From the empirical fitting curve, the valence of Co in La 0 5Sr0 5COO3-y can be determined from its I(L 3 )/I(L 2 ) value (= 5.05). The corresponding horizontal axis is approximately 1.93, which means the valence of Co in La0 5Sr0 5CoO3-y is 2+ with consideration of the experimental error. Therefore, the ionic structure of LSCO is described by Eq. (4) with y = (x+l)/2 = 0.75, which is La3. Sr02. Co2+O 2 .-5 V 0 0.5 6., .25 0.75"
Chemical microanalysis using energy dispersive x-ray spectroscopy and EELS microanalysis and the in-situ EELS experiments [11] as well have confirmed this result. Based on this ionization formula, the crystal structure of a new rhombohedral phase of La 0 .5Sr 0 . 5 CoO 2 . 25 (or LasSr 8 Co160 3 6) has been determined using the information provided by high-resolution transmission electron microscopy and electron diffraction [8] . The unit cell is made out of twotypes of fundamental modules and it is composed of a total of 8 modules. Each module is a c-axis stacking of the anion deficient SrCoO3_z and LaCoO3_8 basic perovskite cells. The unit cell preserves the characteristics of perovskite framework and it is a superstructure induced by oxygen vacancies. To check the reliability of the white line intensity for valence state measurement, the LSCO specimen was annealed in-situ from room temperature to 900 oC, until the film is decomposed to lower oxides. Figure 4 is a plot of the intensity ratio of Co I(L 3 )/I(L 2 ) as a function of the specimen temperature. It is striking that the intensity ratio of I(L 3 )/I(L 2 ) (= 4.5-4.9) remains almost constant up to 900 oC, above which the specimen started to decompose. At 1000 oC, the decomposed film is polycrystalline, but the valence state of Co is still 2+, proving the stability of white line ratio.
Lao.67Cao.33MnO3-y LCMO is an important group of materials that have been found to exhibits the colossal magnetoresistive effect [12, 13] . To determined the average valence of Mn, Figure 5 shows a plot of the experimentally measured intensity ratio of white lines I(L 3 )/I(L 2 ) for several standard specimens with known Mn valences. It is apparent that the intensity ratio of I(L 3 )/I(L 2 ) strongly depends on the valence state of Mn. This curve serve as the standard for determining the valence state of Mn although it is non-linear. The I(L 3 )/I(L 2 ) ratio for LCMO is 2.05 -2,17, thus, the average valence state of Mn is 3.2 to 3.5. Substituting this value into Eq. (3), yields y < 0.065., which is equivalent to less than 2.2 at.% of the oxygen content [7] . 
RELIABILITY AND ACCURACY OF THE MEASUREMENT
To determine the reliability and accuracy of the EELS measurement on valence state, a standard MnO 2 specimen was used in TEM to observe its in-situ reduction process as the specimen temperature is increased [16] . The chemical composition of the specimen is continuously determined using the integrated intensity of the ionization edges. A plot of composition, no/nMn and white line intensity, Mn I(L 3 )/I(L 2 ) is given in Figure 6 , the shadowed bands indicate the white line ratios for Mn 2 +, Mn3+ and Mn4+ as determined from the standard specimens of MnO, Mn203 and MnO2, respectively. The reduction of MnO 2 occurs at 300 OC. As the specimen temperature increases, the O/Mn ratio drops and the I(L 3 )/I(L 2 ) ratio increases, which indicates the valence state conversion of Mn from 4+ to lower valence states. At T = 400 OC, the specimen contains the mixed valences of Mn4+, Mn 3 + and Mn 2 +. As the temperature reaches 450 °C, the specimen is dominated by Mn 
DISCUSSIONS
It has been demonstrated by several authors [5, 6] that the 3d and 4d electron occupations need to be determined with the use of the normalized white line intensity and the continuous spectrum at 50 to 100 eV above the edge threshold. This technique can give a linear fitting between the normalized white line intensity [I(L 3 ) + I(L 2 )] with the d state occupation, but it has two major shortcomings. One this linear curve is a good approximation for the entire occupation range from 0 to 10, but it is not a fair representation of the valence state if one is interested only in one element, such as Mn, whose 3d occupation can be 3, 2 or 1. The linear curve deviates largely from the experimental data if the 3d occupation is 1-3, leading to a significant inaccuracy in the measured result. With the use of the white line ratio I(L 3 )/I(L 2 ), the experimental data are steady and the difference between different valence state is significantly large, allowing more accurate determination of the valence state. The other one, in practical EELS, the intensity at a region 50-0 0 -3 0 100 eV above the edge threshold may be affected by the deconvolution and spectrum background subtraction procedures particularly when the noise level and gain variation are significant, resulting in a large error in the evaluation of the continuous part depending on specimen thickness. In contrast, the intensity ratio of I(L 3 )/I(L 2 ) has little dependence on the specimen thickness and its value is a steady number.
It has also been pointed out in the literature that the I(L 3 )/I(L 2 ) ratio is approximately the ratio of the electrons in the j = 5/2 and j = 3/2 states, thus, the white line intensity may be sensitive to the spin distribution [14, 15] . From the EELS spectra of the four standard specimens, COCO 3 , COSO 4 , CoSi2 and Co304 (with Co 2 .
6 7 +) (see Figure 2) , the former two with Co 2 + show almost an identical Co-L2, 3 shape, while the last two with Co 4 + and Co 2 .
6 7 + show a distinct difference in Co-L 2 . A small difference in I(L 3 )/I(L 2 ) ratio between COCO 3 and COSO4 in Figure 2 might be due to the spin effect, but this small fluctuation cannot significantly affect the measurement. This indicates that, at least in our case, the electron distribution in spin states, if any, plays a negligible role. The in-situ EELS analysis of valence conversion in transition metal oxides has shown the sensitivity and reliability of valence state measurement using white lines in Mn and Co oxides 1161.
CONCLUSION
In this paper, electron energy-loss spectroscopy (EELS) in a transmission electron microscope has been demonstrated as a powerful technique for quantifying the valence conversion and oxygen deficiency in a magnetic oxide. This analysis is most adequate for thin films because of its high spatial resolution. With the use of the intensity ratio of white lines observed in EELS, the average valence of Mn or Co in a new material was determined in reference to the spectra acquired from standard specimens. The result was used to calculate the oxygen deficiency in the material, and this information is useful for constructing the anion deficient structure model.
